accumulates at the immunological synapse with GM1-rich microdomains. Furthermore, NKG2D is specifically recruited to detergent-resistant membrane fractions upon ligation. However, in the presence of a strong inhibitory stimulus, NKG2D-mediated cytotoxicity can be intercepted, and recruitment of NKG2D to the immunological synapse and detergent-resistant membrane fractions is blocked. Also, downstream phosphorylation of Vav-1 triggered by NKG2D ligation is circumvented by coengaging inhibitory receptors. Thus, we propose that one way in which inhibitory signaling can control NKG2D-mediated activation is by blocking its recruitment to GM1-rich membrane domains. The accumulation of activating NK cell receptors in GM1-rich microdomains may provide the necessary platform from which stimulatory signals can proceed.
N atural killer cells recognize virus-infected and tumor cells through a balance of inhibitory and activating signals (1) . These complex signaling events are triggered when a NK cell comes in contact with a target cell, forming an immunological synapse (IS) 4 (2) . NK cells can be stimulated through the engagement of different activating receptors by target cell ligands. NK cell activity is regulated by inhibitory receptors, principally recognizing self-MHC I molecules, that can block NK cell activation by dephosphorylating Vav-1 (3), thereby inhibiting actin reorganization at the NK cell IS and possibly affecting the clustering of lipid rafts (4 -6) .
Although several studies have addressed the organization of the inhibitory NK cell IS (7) (8) (9) , less is understood about the organization of NK cell-activating receptors and ligands and, more importantly, whether or not inhibitory signals influence the organi-zation of activating receptors and ligands at the IS. The activating receptor NKG2D and its ligands on target cells have been shown to accumulate at NK cell synapses (10, 11) . NKG2D is expressed on all NK cells and a subset of T cells and recognizes stressinducible ligands including MHC class I chain-related gene A (MICA), MICB, and UL-16-binding proteins in humans (12) . NKG2D ligands are found on many tumors and are up-regulated upon infection (13, 14) . Several studies have demonstrated that the enhanced cell surface expression of NKG2D ligands results in increased susceptibility of MHC I expressing tumors to NK cell cytotoxicity (15) (16) (17) . This suggests that NKG2D activation can override inhibitory signaling, allowing target cell lysis to proceed in the presence of MHC I protein expression. However, a contrasting study shows that engagement of inhibitory receptors can efficiently block NKG2D-mediated cytotoxicity (18) .
In this study, we imaged the distribution of NKG2D and GM1rich microdomains at activating and inhibitory conjugates with human NK clones and biochemically determined the association of NKG2D with detergent-resistant membrane (DRM) domains in the presence of inhibitory signaling. We report that inhibitory receptor signaling can override NKG2D-mediated activation by a mechanism involving blocking the accumulation of NKG2D in GM1-rich membrane domains at the NK cell immune synapse.
Materials and Methods

Cells and reagents
In this study, 721.221, an EBV-transformed human B cell line selected to lack endogenous expression of HLA-A, -B, or -C, was transfected to express MICA and HLA-Cw6 tagged at the C terminus with yellow fluorescent protein (MICA-YFP) or cyan fluorescent protein (HLA-Cw6-CFP). Transfectants were generated that expressed MICA alone or along with HLA-Cw6, resulting in the following target cells: 721.221 untransfected (221), 221/MICA-YFP (MICA), and 221/MICA-YFP/Cw6-CFP (MICA/ Cw6). The expression of MICA was comparable between MICA and MICA/Cw6 target cells (data not shown). Untransfected 221 cells were found not to express NKG2D ligands, UL-16-binding protein 1, -2, -3, or MICA (data not shown and Ref. 19 ). The 221 cells expressing low and high amounts of HLA-Cw6-GFP have been described previously (20) . Additionally, we generated 221 cells expressing MICA-YFP with low or high amounts of HLA-Cw6-CFP as described above. The human NK cell lines NKL, YTS-2DL1, and mouse P815 cells were cultured as described previously (4) .
Human NK cells and clones were isolated as previously described (21) . Abs against human lymphocyte proteins were used as follows: anti-NKG2D mAbs (BAT221 supernatant for imaging (18) ; 149810 at 5 g/ml for flow cytometry; and 0.5 g/ml for redirected-lysis assay (R&D Systems)), anti-2B4 (C1.7) and anti-CD94 (HP-3B1) (both Beckman Coulter), anti-CD56 (My31) and anti-CD45 (clone 69) (both BD Biosciences), anti-CD158a (EB6, 20 g/ml; Serotec), and anti-MHC class I (W6/32, 10 g/ ml). The anti-NKG2D Ab used for Western blotting (mouse IgG1, clone 3.1.1.1) was generated by immunizing mice with a recombinant bacterialexpressed protein containing the extracellular domain of human NKG2D. Other Abs used for Western blotting were anti-phospho-Vav-1 (pY160; Invitrogen Life Technologies), anti-Vav (V6512), and HRP-conjugated cholera toxin subunit B (CTx) (both Sigma-Aldrich). Cy5-conjugated AffiniPure goat anti-mouse IgG (Jackson ImmunoResearch Laboratories) was used to detect MHC class I by flow cytometry. Alexa Fluor 568conjugated goat anti-mouse IgG was used to detect NKG2D. GM1 ganglioside was labeled with Alexa Fluor 647-conjugated CTx, used at 20 g/ml (Molecular Probes). For quantification of surface receptors, we used the QIFIKIT (DakoCytomation) and the Quantum Simply Cellular kit (Bangs Laboratories), which gave comparable results.
Conjugate formation and cell staining
For imaging, 2 ϫ 10 5 NK cells and target cells were placed in 50 l of prewarmed culture medium and incubated at 37 o C/5% CO 2 for 10 min. Conjugates were then fixed and stained as previously described (21) . Alexa Fluor 647 CTx was used to stain fixed conjugates after anti-NKG2D mAb and Alexa Fluor 568 goat anti-mouse IgG. Fixed conjugates were imaged by confocal microscopy (TCS SP2; Leica). Proteins were defined as clustered at the IS if the intensity at the intercellular contact was twice that of the unconjugated membrane in an optical slice approximately in the middle of the conjugate. Data were analyzed by multinomial logistic regression analysis with fixed model design (SPSS version 14 for Windows).
Cytotoxicity assays
The susceptibility of targets to NK cytotoxicity was assessed in 5-h [ 35 S]methionine or 4-h 51 Cr release assays performed in triplicate as described previously (4, 22) . Spontaneous release was Ͻ20% of the maximal release.
Ab cross-linking and preparation of DRM fractions
NKL cells expressing NKG2D were stimulated with 10 g/ml Abs in medium for 10 min on ice. After addition of 15 g/ml goat anti-mouse Abs, cells were transferred to 37°C for 5 min. Cells were then chilled on ice and pelleted by centrifugation, and lysates were analyzed for Vav-1 phosphorylation by Western blot. For the isolation of DRM, 1 ϫ 10 8 stimulated cells were lysed in 1 ml of ice-cold TNEV buffer (10 mM Tris/Cl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 1 mM PMSF, and 1 mM N 3 VO 4 ) containing 0.5% Triton X-100 for 30 min on ice. Lysates were homogenized with 10 strokes of a loose fit Dounce homogenizer and mixed with 1 ml of 85% w/v sucrose in TNEV. Samples were transferred to an ultracentrifuge tube and overlaid with 6 ml of 35% followed by 3.5 ml of 5% w/v sucrose in TNEV. Samples were centrifuged at 200,000 ϫ g for 16 h at 4°C. One-milliliter fractions were collected from the top of the tube and neighboring fractions were combined to reduce the number of samples during analysis. Fractions were then analyzed by Western blotting.
Results
NKG2D-mediated NK cell activation can be blocked in KIR2DL1 ϩ NK clones
NK clones from several donors were isolated and analyzed for the expression of the inhibitory receptor KIR2DL1. The cytolytic activity of the NK clones was then assessed in cytotoxicity assays against 221 target cells which were transfected with MICA alone (221-MICA) or MICA and HLA-Cw6 (MICA/Cw6), a ligand for KIR2DL1 ( Fig. 1A) . Although all clones efficiently killed the MICA-expressing targets, lysis of MICA/Cw6 targets was clearly reduced in clones expressing KIR2DL1, but not in clones lacking this inhibitory receptor for HLA-Cw6. Similar results were obtained when we investigated the release of IFN-␥, which was also inhibited by incubating KIR2DL1 ϩ clones with MICA/Cw6 targets (data not shown). There was no difference in expression of the natural cytotoxicity receptors between the KIR2DL1-positive and -negative clones (data not shown). This suggests that the interaction between KIR2DL1 and Cw6 can overcome NKG2D-mediated NK cell activation. To get a better understanding about the strength of individual inhibitory and activating signals, we quantified activating and inhibitory receptor-ligand pairs on the NK clones and the different 221 targets. NK clones from different donors possessed surprisingly consistent numbers of NKG2D (mean of 1 ϫ 10 4 receptors per NK cell) and ϳ10 times more KIR2DL1 (mean of 1 ϫ 10 5 receptors per NK cell; Fig. 1A ). The 221 transfectants expressed ϳ25 times more activating (MICA) and ϳ4 times more inhibitory (HLA-Cw6) ligands compared with the corresponding receptors on the NK clones (mean of 2.5 ϫ 10 5 molecules of MICA and 4 ϫ 10 5 molecules of HLA-Cw6; Fig. 1A ). This suggests that during the encounter of a 221-MICA/Cw6 target by a single NK cell, NKG2D and KIR2DL1 are likely to be maximally engaged and that under these conditions the inhibitory signal can overcome NK cell activation.
Reduced frequency of clustering of NKG2D and GM1-rich microdomains at the IS of noncytolytic NK clones with MICA/Cw6 target cells
To study the distribution of NKG2D and GM1-rich microdomains in inhibitory and activating conjugates, we coincubated KIR2DL1positive and -negative NK clones with MICA/Cw6 targets. Conjugates were imaged by confocal microscopy and the distribution of NKG2D was scored. Representative images of cytolytic and noncytolytic conjugates with MICA/Cw6 are shown in Fig. 1B . NKG2D clustered at ϳ40% of cytolytic synapses between KIR2DL1 Ϫ NK clones and MICA/Cw6 and at only 10% of synapses of KIR2DL1 ϩ NK clones that were inhibited by MICA/Cw6 (Fig. 1C ). This demonstrates that the engagement of KIR2DL1 by Cw6 correlates with a reduced clustering of NKG2D and suggests that inhibitory receptors can block NKG2D-mediated NK cell activation by controlling the clustering of NKG2D at the IS.
The involvement of lipid rafts in NK cell activation and inhibition has been previously reported (4 -6) . We therefore wanted to determine whether the differential clustering of NKG2D correlated with the distribution of GM1-rich microdomains at the IS detected by staining with CTx. CTx clustered at ϳ65% of the cytolytic synapses between KIR2DL1 Ϫ NK clones and MICA/Cw6, but at only 35% of synapses with KIR2DL1 ϩ NK clones that were inhibited by MICA/Cw6. In 82% of conjugates where NKG2D was observed to cluster at the IS, CTx also clustered. This suggests that, after 10 min of coincubation, both NKG2D and CTx-stained GM1-rich lipid rafts cluster at cytolytic but not noncytolytic synapses.
NKG2D associates with DRMs after activation
The colocalization of NKG2D and CTx at the cytolytic IS suggests that there might be a specific association of NKG2D with GM1rich microdomains. To directly test whether NKG2D is recruited into GM1-rich microdomains after activation, we assessed the contents of DRM fractions isolated by sucrose gradient centrifugation. Because this assay requires large cell numbers, we used the NKG2D ϩ NK cell line NKL. We also generated a new mAb against NKG2D (clone 3.1.1.1), which efficiently detects NKG2D by Western blot. Stimulation of NKG2D by Ab-mediated crosslinking resulted in a recruitment of the receptor to DRMs (Fig. 2) . CTx staining identified the GM1-rich DRMs as pooled fractions 4 and 5. The non-raft protein CD45 marks the detergent soluble fractions 10 and 11. This demonstrates that NKG2D-mediated NK cell activation is accompanied by the recruitment of the receptor to DRMs. The presence of surface membrane cholesterol, and likely the integrity of lipid rafts, is vital for NKG2D-mediated NK cell activation because NKG2D-mediated NK cell cytotoxicity was completely abrogated in methyl-␤-cyclodextrin-treated NKL cells (data not shown).
Inhibitory signaling can intercept NKG2D-dependent activation and block NKG2D recruitment to DRMs
The reduced lysis of MICA/Cw6 targets by KIR2DL1 ϩ NK clones (Fig. 1A) suggests that inhibitory killer Ig-like receptors (KIR) can control NKG2D-mediated NK cell activation. NKL cells express the inhibitory receptor CD94/NKG2A but are negative for the activating receptor NKG2C. To test whether CD94/NKG2A can also block NKG2D-mediated NK cell cytotoxicity, we performed a redirected lysis assay. For this, we used anti-NKG2D and anti-2B4 Ab concentrations that were just sufficient to result in maximal NK cell activation and combined them with increasing concentrations of anti-CD94 mAb or an isotype-matched control ( Fig. 3, A and B) . Although lower concentrations of anti-CD94 mAb had no effect, increasing concentrations completely abrogated any target cell lysis, demonstrating that there is a threshold where inhibitory signaling can overcome NK cell activation. Interestingly, the amount of anti-CD94 Ab necessary for inhibition (ϳ1 ng/ml) was 20 times lower than the amount of anti-2B4 or anti-NKG2D (20 ng/ml) used. This may in part reflect the amount of 2B4, NKG2D, and CD94 on the surface of NKL cells. Quantification of these receptors showed that NKG2D and 2B4 are expressed at similar levels (2.7 ϫ 10 4 2B4 and 2.5 ϫ 10 4 NKG2D receptors per NKL cell), while the expression of CD94 is ϳ2.5 times higher (6.5 ϫ 10 4 receptors per NKL cell).
Next, it was important to investigate the molecular mechanism whereby inhibitory signals can interfere with NKG2D-mediated NK cell activation. The reduced clustering of NKG2D and lipid rafts at the inhibitory IS suggests that inhibitory signaling may interfere with the raft association of NKG2D. To test this, we studied the raft association of NKG2D in the absence or presence of inhibitory CD94/NKG2A signaling. When NKG2D was stimulated along with CD94 by Ab-mediated cross-linking, the recruitment of NKG2D to DRMs was blocked (Fig. 3C ). This demonstrates that inhibitory signals can interfere with NKG2D-mediated NK cell activation by blocking the clustering and the raft association of the receptor, thereby counteracting NKG2D signaling. Activation-induced recruitment of the NKG2D receptor to DRMs. The NKG2D receptor on NKL cells was stimulated by Ab-mediated cross-linking for the indicated times at 37°C. Cells were then lysed and DRM fractions were isolated by sucrose density centrifugation. Neighboring fractions were combined and analyzed by Western blotting using the indicated Abs. CD45 identifies the detergent-soluble fraction (10/11), whereas CTx identifies the raft fraction (4/5). Results are representative of three independent experiments. FIGURE 3. Inhibitory signaling via CD94/NKG2A can overcome NKG2D-dependent activation and NKG2D recruitment to DRMs. A and B, Redirected lysis of P815 cells at an E:T ratio of 5:1 was induced via justoptimal concentrations (20 ng/ml) of anti-NKG2D (A) or anti-2B4 (B) Abs combined with increasing concentrations of anti-CD94 mAb or an isotypematched control (IgG1). C, NKL cells were stimulated by Ab-mediated cross-linking with the indicated Abs (5 g/ml) for 5 min at 37°C. Cells were then lysed and DRM fractions were isolated by sucrose density centrifugation. Neighboring fractions were combined and analyzed by Western blotting using the indicated Abs. Simultaneous cross-linking of NKG2D with CD94 but not CD56 on NKL prevents the enrichment of NKG2D to DRM fractions (4/5). Representative anti-CD45 and CTx blots are shown. Results are representative of at least three independent experiments.
Inhibition of NKG2D-mediated NK cell activation is dependent on the strength of the inhibitory signal
The data in Fig. 3A suggest that a certain strength of inhibitory signaling is necessary to overcome NKG2D-mediated cytotoxicity. The ligands expressed by the target cells used in Fig. 1 outnumbered the corresponding receptors on the NK clones, making it likely that the activating and inhibitory receptors on the NK clones were maximally engaged. To titrate the engagement of inhibitory receptors, we used 221 transfectants with no (221), low (221/ Cw6 low ), or high (221/Cw6 high ) amounts of HLA-Cw6-GFP expression (20) and generated 221 cells expressing MICA-YFP (221/ MICA) with low (221/MICA/Cw6 low ) or high (221/MICA/ Cw6 high ) amounts of HLA-Cw6-CFP (Fig. 4A ). MICA expression levels in these target cells was between 2 and 3 ϫ 10 5 molecules per cell, which vastly outnumbered the amount of NKG2D expression by NK clones (mean of 1 ϫ 10 4 receptors per NK cell) to get maximal receptor engagement (Fig. 4A) . The 221 transfectants with low Cw6 expression (1.5-3 ϫ 10 4 molecules per cell) should only suboptimally engage the KIR2DL1 receptors on NK cell clones (mean of 1 ϫ 10 5 molecules per cell), whereas 221 cells with high Cw6 expression (mean of 2 ϫ 10 5 molecules per cell) are likely to maximally engage its corresponding inhibitory receptor (Fig. 4A) .
To test the capacity for NK cell inhibition by low and high levels of Cw6 expression, we tested the ability of the different transfectants to inhibit the NK cell line YTS stably expressing KIR2DL1 (YTS-2DL1), which lacks functional NKG2D expression. In the absence of Cw6 expression, YTS-2DL1 lysed 221 and 221/MICA cells to a similar extent (Fig. 4B ). Expression of low amounts of Cw6 led to a significant inhibition of lysis, again independent on the expression of MICA, whereas high Cw6 expression completely abrogated the lysis by YTS-2DL1.
We then analyzed 13 clones with or without KIR2DL1 expression from two donors for their lysis of the different 221 transfectants (Fig. 4B) . The presence of MICA led in most cases to an enhanced lysis of 221/MICA compared with 221 targets (Fig. 4B and data not shown). In the absence of MICA, KIR2DL1 ϩ clones were already inhibited by low Cw6 expression levels. In transfectants expressing MICA, high levels of Cw6 expression were necessary to prevent lysis, while low amounts of Cw6 were insufficient (comparing 221/MICA/Cw6 high with 221/MICA/Cw6 low target cells). As expected, KIR2DL1 Ϫ clones were not inhibited by the 221/Cw6 low targets. Interestingly, high Cw6 expression leads to an inhibition of lysis in the absence of MICA. This was possibly mediated by the induction of HLA-E surface expression by the leader peptide of HLA-Cw6 in these transfectants (23, 24) . This would then engage the CD94/NKG2A receptor, which was expressed by these clones. However, in the presence of MICA, lysis occurred independently of Cw6 expression.
NKG2D-mediated activation requires F-actin
Recent studies have demonstrated that inhibitory receptors can interfere with NK cell activation by blocking the phosphorylation of Vav-1 (3). Vav-1-regulated actin polymerization is essential for raft clustering (6, 25) and the raft recruitment and function of the activating NK cell receptor 2B4 (4) . To test whether inhibitory receptors might also block NKG2D-mediated NK cell activation by targeting Vav-1, we investigated the influence of inhibitory CD94 signaling on NKG2D-mediated Vav-1 phosphorylation. Vav-1 phosphorylation was detected within 1 min of NKG2D activation by Ab-mediated cross-linking (Fig. 5A ). This phosphorylation was completely blocked by the coengagement of CD94, suggesting that inhibitory receptors can prevent Vav-1 phosphorylation also during NKG2D-mediated activation.
Vav-1 is known to regulate actin polymerization. The block of Vav-1 phosphorylation by inhibitory receptors would therefore also disturb local actin reorganization. We therefore wanted to test whether NKG2D signals are dependent on the actin cytoskeleton. The redirected lysis via NKG2D on NKL was totally abrogated in the presence of cytochalasin D, which disrupts the assembly of F-actin (Fig. 5B ). In addition, following contact with 221/MICA cells, Vav-1 phosphorylation was blocked by cytochalasin D (Fig.  5C ), demonstrating that NKG2D activating signals are dependent on actin polymerization.
Discussion
We demonstrate in this study, for the first time, an activationinduced recruitment of the NKG2D receptor to DRMs. In some assays, we found that a small amount of the receptor was already associated with GM1-rich fractions even without receptor stimulation ( Fig. 2 ), although this effect was not observed in all experiments (Fig. 3) . The reason for this discrepancy is unknown. It is interesting to note that we never observed the association of any other activating NK cell receptor with DRMs in the absence of receptor stimulation (Ref. 4 and data not shown). This could reflect a higher affinity of the NKG2D receptor for GM1-rich domains, which might give the receptor an advantage over other activating receptors.
Using NK cell clones and an NK cell line, we have demonstrated that inhibitory signals can control NKG2D-mediated NK cell activation, consistent with a previous report (18) . This inhibition is dependent on the strength of the negative signal ( Figs. 3 and  4 ), suggesting that also NKG2D-mediated NK cell activation is regulated by a balance between activating and inhibitory signals. In earlier studies, that found no or only little effect of inhibitory receptors on NKG2D-mediated NK cell activation (15) (16) (17) , this balance may have tipped toward activation by a high overexpression of NKG2D ligands on target cells. Human NKG2D signals through DAP10, whereas murine NKG2D can also signal through DAP12 (26, 27) , which could account for a qualitatively different NKG2D signaling in murine NK cells that might be less sensitive to inhibitory signaling. However, NKG2D-mediated NK cell activation in mice can also be controlled by inhibitory Ly-49 receptors (28) .
In the redirected lysis assay (Fig. 3) , we needed approximately the same amount of anti-CD94 Ab to block NKG2D-and 2B4mediated cytotoxicity of the human NK cell line NKL. Because NKL cells possess about the same number of NKG2D and 2B4 receptors (ϳ2.5 ϫ 10 4 receptors per NKL cell), this suggests, that at least in this assay, the threshold for overcoming NKG2D-and 2B4-mediated NK cell lysis is identical, arguing against the note that human NKG2D is somewhat less sensitive to inhibitory receptors.
Importantly, this study presents an insight into a molecular mechanism for the inhibition of NKG2D-mediated NK cell activation: NKG2D can be prevented from a ligand-induced association with DRMs and from clustering at the IS. NKG2D signals are dependent on actin reorganization (Fig. 5 ). Vav-1 is known to regulate actin polymerization and Vav-1 phosphorylation seems to be one target of inhibitory receptor signaling ( Fig. 5A and Ref. 3) . This suggests a model by which early signaling events after target cell contact lead to Vav-1 phosphorylation (29), inducing actin polymerization and the clustering of NKG2D and lipid rafts at the IS. The signaling of NKG2D can then in turn enhance Vav-1 phosphorylation ( Fig. 5 ). This would result in more actin polymerization and clustering at the IS in a positive feedback loop, eventually inducing full NK cell activation. Inhibitory receptors can interfere with the early Vav-1 phosphorylation in NK cells (3), thereby preventing or dampening the positive feedback loop and the clustering of NKG2D and lipid rafts at the IS. Interestingly, engagement of KIR2DL2 in T cells does not interfere with early activation signals and does not block the formation of a mature immune synapse and the clustering of lipid rafts (30) . Instead, only late signaling events are reduced by KIR engagement in T cells, including a reduced phosphorylation of Vav-1 90 min after stimulation. This is in sharp contrast to the reduced phosphorylation of Vav-1 by engagement of inhibitory receptors in NK cells, which we observed as early as 30 s after stimulation (Fig. 5A) . The interference by inhibitory receptors with early signaling events is therefore likely restricted to NK cells. This could represent the molecular basis for the regulation of NKG2D-mediated NK cell activity through inhibitory receptors. Finally, limiting the clustering and DRM association of activating receptors by blocking local actin reorganization could represent a general mechanism by which inhibitory receptors control NK cell activity.
